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ABSTRACT

/n s/ru observations of methane emissions from the Alaxkz North Slope in 1987

and 1989 provide insight ham the environmental interactions regu2.azing methane
emissions and intothe local-and regional-scaleresponse of the axcac tundrato in-

terasmual environmental variability. Irfferences regarding climate change are based.
on insitumeasurements of methane emissions,regional landscape chamcterizazions

derived from Lands,at Multi.specuat Scanner satellite dam, and projec',_t regional-
scaleemissions based on observed interannualtemIx:ratm'edifferencesand simulat-

ed changes in the spatialdistributionofmethane emissions.

Our resultssuggest thatbiogenic methane emissions fi'omarctictundra willbe

significantly perturbed, by climazic change, leading to warmer summer soil

r_mperatures and to vertical displacement of the regional water table. The effect of
ina_..asedsoilmmperatures on methane emissions resultingfrom anaerobic de-

composition in northernwetlands willbe to both increase total emissions and to in-
cre.a.seinterannualand seasonalvariability.The magnitude of theseeffectswillbe

d_terminexlby those factorsaffectingthe arealdistributionof methane emission

rams through regulation of the regional water table. At local scales, the observed.
_.7"C increase in mid-summer soil r_mperatures between 1987 and 1989 resulted, in
a. 3.2-fold. increase in the ram of methane emis_ons from anaerobic soils. The ob-

served, line.attemperature response was then projecle, d to the regional scale of the

A1ask_ North Slope under three environmental scenarios. Under moderamly drier
environmental conditions than observed in 1987, a _.*C mid-summer in_-¢ase in

soil temperann'es more than doubled regional methane emissions relative to the

1987 regional mean of 0.72 mg m-Z hrt over the 88,408 krn2 study area. Wetr#x en-

vironmental conditions led to a 4- to 5-fold increase in mid-summer emissions.

These results demonstrate the importance of the interaction between the relative

areai proportion of methane source areas and r.bema=_aimdc of summer substrate

tcmperan.tres in determining whether emissions from decomposition _sses in

northern ecosystems represent a si=_aificant_obal source and a Potential Positive

feedback to climatic change.
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INTRODUCTION

The northern high latitudesface a pot_ntiallyun-

pre,cedentcdram of climatic warming as a directcon-

sequence of globalinc_ over the past-centuryin _be

amaospbcricconcentrationsofha_ared-absorbinggasessuch

as _ dioxide(C07.),met.bane (C_), and rfia"oas oxid= :

('N.O) ('Botha ex a.L. 1986; Dickinson and _c...-'one, _986: c

Kamatmtban et at.. 1987]. As a dire_ _ of the pastand
\.

anticipat_conanuedatmosphericinputsof these"_en- :

house_ses,"currentgJobalcircatationmode.lsprojcc.tthat



mean annual temperatures for the Arcdc may increase be-
tween 3--8°(: within the next cenmr/[Hansen et al., 1988;
Post, 1990]. This climatic change is expected to result in
earlier spring thaws, longer growing seasons, and 2--40C
elevated summer temperatures. Precipitation patterns may
also change, although current projections are still highly un-
certain. If these organic-rich and temperature-limited
ecosystems [Chapin, 1984] respond to climatic change by
releasing substantially greater quantities of CO2 and
the climatic warming trend may be enhanced [Lashof, 1989]
and the global carbon cycle significandy affected [Miller,
1981; Billings, 1987].

Empirical and atmospheric modeling studies indicate that
the northern high latitude wetlands may represent one of the
largest rtaaual sourve.s of CH4 globally as a result of season-
al anaerobic microbial decomposition of organic materials
in the active thaw layer. More than half of the wetlands area
of the earth lies in the boreal region north of 50*N latitude
[Matt,hews and Fung, 1987; Asclmann and Cmtzca, 1989]
and over 20% of the earth's total organics may be stored in
these ecosystems as frozen or recalcia'ant materials in the
soils and peats [Pest et al., 1985; C-orham, 1988]. Seasonal
CH4 emissions from these ecosystems are estimated to cur-
rendy account for 6-10% of all CH4 sources and 16=63% of
all natural wetland sources [Aselmann and C_n, 1989],

If subjected to climatic warming, these ecosysr-'ms may re-
spond by releasing substantially greater quantifies of carbon
to the atmosphere as a consequence of increased rates of de-
composition operating over Iongex seasons of biological
acdvity and on increasing quantities of organic materials as
the pcrmafi'ost thaws. Examination of arctic methane emis-
sions under variable interannual meteorological conditions
may provide insight into the respm_ of northern
ecosystems to anticipated climatic change.

In this paper we address observed and projected CI-I4
emissionsfromarc_ nmdm inrelation to anticipated cli-

maticallyinduced changes in soil temperature and water
ruble position. Our conclusions arc based upon measured in
mu CH4 emissions during the summers of 1987 and 1989
from the North Slope of Alaska, regional land cover chat-
_cmrizazionsderived from satelliteobservations, and es-
timated regional-scale emissions derived from observed
Lnu=-_.aualtemperaturedifferencesand simulatedchanges
inwatertableposition.

METHODS

The region of study is an 88,408 kin2 area rtq:xesentatiw
of the Arctic Coastal Plain and Foothillprovincesof the
Alaska North Slope (Figure 1). Estimates of mid-samamer
regional CFLt emission rates for select climadc scenarios

were derivedthrough integration of satellite-based land
covet _fions and in sire observations of CH4
emi_ons from early August of 1987 and 1989.

At the regional scale, digital classifications of landsat
Multislx=a-aJScanner0MSS) dam [Morrisseyand Ennis,
1981;Walkerctal.,1982]definedthelandcovercategories

_xl their retadveaze.alproportions subsequendy used to caI-
calam regional emissionestimates.The _trally based
¢Itssifkatmncorrespondedtovegetationtypeanddensityas
_II astoam presenceorabsenceofsurfacewater.These

cav_ classes nominally represented "Dry Tundra,"
Tundra," "Wet Tundra," "Very Wet Tundra," and

"Water" at 50 m2 spatial resolution.
In situ sample alkr, ations differed between 1987 and

1989. In 1987 me allocation was defined to regionally repre-
sent both the ArcticCoastal Plain and Arctic Foothills

physiographic provinces of the North Slope. More specif-
icaRy, each land cover class was sampled in proportion to its
relative areal representation and to anticipated variances in
emissions at the regional scale. Within each site sampled, a
secondary allocation represented the microtopography and
locationof the local water table relative to the surface on a

spatial scale of approximately 0.5 m2. Tea microtopo-
graphicfeatute_wereidentified forsampling,e.g., "lowcen-
tea"polygonal basins," "rims," "troughs," "sedge meadows,"
"high centered polygonal basins," "frost boils," "sedge tus-
socks," "inter-tussock areas," "lake-over emergent vegeta-
tion," and "lake-open water." The locadon of the water table
was categorizedas"below"(z< -5cm),"at"(-5> z< 0 era),

or "above"(z> 0 cm) thesm'face.Intotal,theareaofstudy
was representedby 122emissionsobservationsrepresenting

57 spatiallyindependentsites.Additionaldetailsofthesam-
pleallocationaregiveninMorrisseyandLivingston[1991].

The regionalmean ra_ of CH4 emissions(F) was
estimated on the basis of a two-tiered stratified approach
[Cochran,1953] usingtherelative areal proportionsof the
local and regional categorizations as the weighting terms:

m n

F = X X0,i/i/) (1)
i=l/=-1

where Pij represents the relative areal proportion of land
cover class i and local-scale microtopographic feature j, and

fij the measuredramofCH4 emissions.
In 1989,thesampleallocationwas definedto assess the

seasonalvariabilityinemissionsatanaerobic(waterlogged)

organicsiteson theArcticCoastalPlain.Onlydam fromthe
two yeatsthatwere complementalin time(August1-14)
were includedinthisanalysis. To estimateregional-scale

emissions for 1989, we initially assumed no net change in
thevegetationorhydrological regimes at theregional scale
oftheNorthSlopebetween1987and 1989.As such,inthis
"reference scenario," differences in estimated regional-scale
emissions over the 3-year period reflect only observed inter-
annual differences in the rates of emi_-_ions at the local
scale. The 1989 _ emission rates for each land cover
class werethuscalculatedas:

_-(t1959 '_ (,E1987)
E1989 \e1987 ,/ (2)

where E represents the ecosystem CH4 emissions rate and e
the in situ emission mm from anaerobic organic mils.

The sensitivity of regional CI'-Ltemissions to interaction
between the observed interannual differences in the emis-

sion rates and changes in the areal representation of the
methanesourceareaswas exploredina simulationexarise
andsubsequentlyinterpretedinlightofthepotentialimpacts
of climatic change.Two scenarioswereexaminedinaddi-
tionto the reference scenariodescribed above. "Dry" and
"Wet" environmental conditions were simulated by as-
surning arbitrary shifts in the relative areal proportions of
theregional land coverclasses.The "Dry" climatescenario
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was simulated by a I/'3 Ixoportional loss in inundated
surface area over the North Slope, represented as a shift
from "Very Wet Tundra" to "Wet Tundra," "Wet Tundra" to
"Moist Tundra," and "Moist Tundra" to "Dry Tundra." In
the "Wet" climate scenario, an increase in surface in-
undation was simulated by a 1/3 areal propm_nal shift
from "Wet Tundra" to "V_y Wet Tundra" only. The areal
extent of well-drained soils ('Moist Tundra') was assumed
to be unaffected by a moderate elevation of local water
tables. SimiLarly, the areal proportion of impounded lakes
('Water') was assumed unchanged in both the "Dry" and
"Wet =scenarios.

Hydrology plays a major role in def'ming arctic
ecosystem mucmm and function, thus providing the basis
for the scenarios examined. Over large areas of arctic um-
dra, topography is known to vary on a scale of centinmters
to meters. In such areas, even modetme vertical dis-
placement of the local water table on seasonal to decadal
time scales can result in substantial shifts in the areal extent
of inundated (anaerobic) and drained (aerobic) subsWates.
The significance of this lies in the well-documented cor-
restxmdence between the position of the local water table
relative to the surface and micrompographic _ieL substrate

tempea'atm_ txofdes, nutrient and organic contents, eco-
system composition and prodm:tivity, and the mode (aerobic
vs. anaerobic) of organic degradation [Burmell et aL, 1980;
Webber et aL, 1980; Walker, 1985]. Moreover, the position
of the local water table in these ecosystems has been dix_-
ly related to the pnr2sses of CO2 and CH4 production, up-
take, and release to the aunosphere [Pemrson et al., 1984;
Svensson and RosswalL 1984; Scbacher et al., 1986; Crill et

al., 1988; Conrad, 1989; Moore and Knowles, 1989;
Morrissey and Livingston, 1991].

Emissions Measurements

In s/su measurements of CH4 emissions were made using
enclosed chambers deployed over a 15- to 30-minute period
withinwhich the aunosphericconcentrationof CI-h was
monitoredovertime.Sampleswerecollectedin10-mlglass

syringe.s and analyzed within 12 hours using isothermal gas
chromatographyanda flameionizationdetenDr.Net rateof
emissions was calcaLated as the average rate of change in
CtG comontration within the chamMrs normalized for the
molarvolume of the chambersatthe ambientnear-surface

temperatme. The minimal detectable rate of emissions aver-
aged less than 0.14 mg CI-Ltm"2 hri. Details of the sam-
piing protocol and analysis are given in Momssey and
Livingston [1991].

RESULTS

Observed Interannual Differences

Summer mmpmmm'e regimes for the North Slope dif-
fered significantly between1987 and 1989. Whereas mean
monthly air tem_ at Prudhoe Bay for July and
August of 1987 differed little fromthe 30-year mean, 1989
mmpa'atm_ represented record highs [NOAA, 1987, 1989].
Mid-summer (July and August) mean daily air temperatures
averaged 7.7 and 11.8°C in 1987 and 1989 respectively. By
mid-August, cumulative daily tempermures above 0°C for
the two years differed by nearly 600 degree-days (713 com-
pared to 1302*CMa in 1989). Soil tempermmra in anaerobic
soils aim differed significantly at 10 cm depths, averaging
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FigureI.'I'neAlaskaNorthSlope.Regionalest/maw_ofemir,-
sionswerecalculatedforthatarea(88.408krn2)representedby

MSS digiud data (shaded).
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Figur, 2. Mid-,umrner ramsofme_hmmmissions faom anaerobic
orgmicu_iltu a functiomof substratetemperaturesatI0 =n

F,.Ue_symbols reg_mx spm_y ind=pmc_, t obse_micms
over August1-13,1987;_ tTmbolsreprmentme averageoe-
tweet spatially paired obt_vatiom between August2--4 md
August 9-11. 1989.

4.7and 9.4°(3in 1987and 1989. Mid-summer thawdepths

rangedmostlybetween35 and 45 cm withno clearrelation
to coincidentsoiltempermmt, at I0 cm depthsand no
measurabledifferencebetweenyears(p• 0.2;t-test).

Mid-summer ratesof CI-14emissionsfrom anaerobic

(wamrlogged)organicsoilson theNorthSlopewerelinearly
relaw.,d to ambient substrate mmlxa'am_ at 10 cm depths

both within and between years (Figure 2). As a con-
sequence, local-scale rates of emissions differed dramat-

ically between the summers of 1987 and 1989. Over the
total observed temperatme range of 3.1 to 14.9°C, CH4
emissions(E) from anaerobic organicmils rangedbetween
1.6and 23.6mg m "2hi-1_ding toa temperature

(T°C) responsefi'oms-patiaIIyindependentsitesof:E =
1.590T-6.094,r2= 0.77,n= 24.Local-scalemethaneemis-

sionsfrom anaerobicsitesin earlyAugust of 1989 were

overfourtimesgreaterthanin1987,averagingII.7mg m-2
hr-l,1.4std.err.,n = 9 and2.8mg m -2hr-l,0.3std.err.,n =

17 reepecdvely. Within 1989, emission rates for repeamdly
observedsites also demonstrateda mmpermure response be-
tween the fLrstand secondweeks of August (p=O.0001,

pairedt-test,n=9),averaging9.1and 14.4mg m-2 hr-Ion
7.7 and 11.1°C mils. As expected, the relationbetween

depth of thaw and emissionrates was poorly defined (r2 =
0.24, p = 0.03).



Reference "Dry" "Wet"
CLASS Climate Climate Climate

DRYTUNDRA 0 0.204 0
MOISTTIRCDRA 0.618 0A79 0.618
WET TUNDRA 0.196 0.161 0.131
VERY WET_RA 0.089 0.060 0.154
WATER 0.098 0.098 0.098

Table 1. Are,d _ of L,an&It MSS lind cover classes
used in the c,_Ic_Ition of Alaska North Slope regiomd CH4
siorts _ observedmd simulat_ climaticregimes.

CLASS
1987 1989 1989

Lower Upper
Estimate Estimate

DRYTUNDRA 0 0 0
MOISTTUNDRA 0.39 0.39 139
WETTUNDRA 1.02 4.17 4.17
VERY WET TUNDRA 2..59 10.58 1038
WATER 0.4,7 0.47 1.92
NORTHSLOPE TOTAL 0.72 Z05 2.93

Table 2. Mid-summer methane emission rates for _at MSS
l_d cove=classes used in the calculation of NorthSlope regional
emissions under thereferencescenario.Units ofemission are in
mg CH4 m "2kr "1. Total arearepresentedis 88,408 lan2.

Projected Regional-Scale Emissions

Simulation parameters and results of the 1987 and 1989
regionalemissionsestimatesand climatic changesimula-
tionsare summarizedin Table,s I and 2,and Figure3.

Local-scalemid-summeremissionrateswerebaseduponac-
tual1987and 1989 observations.Regional(88,408km2)-

scale projections are based upon threewater table scenarios
derivedfrom the Landsat MSS regionalcharacterization.
Regional-scale1987mid-summer CH4 emissionsfromthe

NorthSlopetotaled63,654kg hrl,averaging0.72mg CI-14
rn-2hrl.Undertheassumptionofno changeintheregional

_"r table(thereferencescenario),mid-summer 1989
regmnallyaveragedemissionswereestimatedbetween2.05
and 2.93mg CI-hm -:_hrt (Figure3,linesb and c).This

mCmsentsthepotentialfro"a more thandoublinginCH4
emission rates at the regional scale for only a 2°C increase
in mid-summer substrate temperatures at 10 cm depth. Both
poorty and well-drained land cover classes are expected to
co_amb_te to me increased regional emissions at the higher
mhsa'ate temperatures, although their relative contributions
are temperature dependent. Given substrate temperatures
cetnpar_ble to those observed in 1989, "Moist Tundra,"
"We_ Tundra," and "Very Wet Tundra" are expected to
conmbute approximately equally (34, 28, and 32% re-
Wecziveiy) to the regional emissions total despite a more

2-folddifferencein theirrelativeare_ proportions
fr_btcl).

Recauseofitsvastarealextentbothon theAlaskaNorth

_pe (TableI)and globally,"MoistTundra"willplaya
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Figure 3. Mean m/d-smrane_regional-scale me_mc emission
rat_ pro_ted for _1_ A_.sk_ N_..h $1_p_..SoLid li_m Co and c)
represent upper and lower _jecmd enuss_as based upon ob-
served 1987 and 1989 ecosystem parameters(reserence scenario).
Dashed lines represent projected emission rates under s_imulau_
"Wet"(a)md "Dry"(d)climatic regimes.

significantroleinthearcticresponseto climatic change.
The interactionbetweenarealextentand emissionratesfor
"Moist Tundra"isdemonstratedin the range of thepro-

jected regional emissionsesl_ma_e.sinthe reference scenario
(Figure 3, linesb and c).The difference in the regional
estimates is due almost entirely to uncertainty in the emis-
sions response of "Moist Tundra" to increased temperatures
(Table 2). The lower estimate for the 1989 reference
scenario assumes that carbon limitations and microbial CH4

consumption from the shallow organic and aerobic soils
characterizing "Moist Tundra" will result in no net increase
inCH4 emissionratesevenunderwarmerenvironments.No
increased emissionratesfrom "Water" is also assumed. The
upper estimate for the reference scenario assumes that the
CI-I_emissions-temperatureresponseof "MoistTundra"will
be proportionallysimilartothemoreanaerobicandorganic-
rich classescharacteristicof the Coastal Plain. Emissions

from "Water"also may be expected to increase under warm-
er environments, perhaps in response to increased ebullition
transportofCI-I4tothesurface.However,ina regionalcon-
text."Water" represents less than 10% of thetom/area, and
combinedwithitslowemissionrate,isexpecmd tocontrib-

uteonlyabout6% oftheregionalCH4 emissionstotaleven
underwarm environments.

The interaction between substratetemperaturesand the
relative areal prolxxtionof inundationis criticalin de-
termining bothregionaland annualCH4 emissions.As both

factorsvaryon seasonaland interann_dscales,so will
regionalCI-14emissions.For example,ifmidsummer sub-
strate temperatures differ little from those observed in 1987,
regional CH4 emission rates are not expected to vary greatly
even with moderate changes in the areal distribution of the
contributing land cover classes. Projected regional CH_
emissionratesfor"Dry" and "Wet" scenariosat 4.7°C

(1987)substratetemperaturesarebetween0..55and0.82mg
m-2 hrl (Figure3,linesa and d),representingabouta50%

range. The differcw.e in regional CH_ emission rotes under
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"Dry"and "Wet" environmentsareprojectedto increase
linearlythereafterwith increasedsubsuatetemperatures.

SubjecttoadoublingintempetatmcsatI0cm depth,asob-
servedbetween 1987 and 1989, regional CH4 emissions
rates could vary between 1.53 and 3.34 mg m-2 hr-1 de-
pending on whether the "Dry" or "Wet" scenario is
This represents more than a 2-fold increase in emission rams
from arctic tundra even under drier environmental condi-
tions than observed in 1987. Moderately wea_ conditions
could result in a 4.6-fold increase in regional CH4 emissions
l'alt_.

DISCUSSION

Methane emissions from the northern high latitudes will
be significantly Ix:ztm-bed by climatic changes, leading to
warmer mid-summer subswatc temperatures and to changes
in the areal dism'bution of the C/-h somee areas resulting
from vertical displacement of the regional water table. The
effect of increased soil temperatures on CI_ emissions re-
suiting from anaerobic decomposition in northern wetlands
will be two fold. If soil temperatures at 10 em depth are in-
creased 2-4"C above observed 1987 temperatures, CH4
emission rates are expected to increase several fold. The
magnitude of the increase at the regionalscale, however,
will be determined by the relative areal representation of the
sources and sinks. Even under moderately drier environ-
mentalconditions,theroteofCH4 emissionsattheregional
scalecouldmorethandouble.The interactionbetweensub-

swat,ternpermmcandarealcontributionsareexpectedalso
to significantly increase the variability in CI_ emissions on
seasonal and interannual time scales.

Currently, /n situ observations on the interannual var-
iability of CI_ emissions from nor,hem ecosystems are lim-
ited [Whalen and Reeburgh, 1988], yet the results presented
here show that an understanding of the magnitude of this
variability may be an integral component in assessing the
role of CH4 emissions in climatic change. The critical fac-
tors in estimating regional-annual CI-h emissions are the re-
gional and seasonal characterization of CI_ emissim rates
and the length of the growing season. Pmjecrlons based
upon/n situ observations from the Alaska North Slope in
1987 and 1989 indicate that interannual differences in mid-

summer regional _ emission rates may approach a factor
of 3 due to teanpemtmc differemes alone. Variability in the
spatial di.m_ution of CI-_ emissions due, for example, to
interannual differences in the amotmt or timing of summer
precipitation is expected to increase this interannual var-
iability in CH4 emissions even more, perhaps to a factor of,_
to 5 relative to 1987 eanissioas.

Interaunual variability in regional CH4 emissions related
to increased soil temwa'atm_ were found to exceed ex-
pected variabilityinemissionsdue to thelengthofthegrow-
ing season.Thirty-yearclimaterecords[Ties2anet al.,
1980]indicatethatthawseasonlengthsvaryby onlyafac-
torof 2. Even ignoring seasonal w_atxa'atm_ effects, this, at
mosL conm_outcs a factor of 2 to the interarmual variability
in CI-I4 eznissions. Although the global impact of climate-
related increases in growing season length is expected to be
significant [Lashof, 1989], these results demo_ thra the
magnitude of the summer soil temperatures in respon_ to
climaticchangemay be farmore significantindetermining
therateofCIG emissionsinnorthernecosystems.

Future CI-I4 emissions mcasm, mnent and modelinge.from
must account for ecosystem spatial dynamics. Quantitative
and dynamic estimation approaches, integrating empirical or
processlevelcorrespondencebetweenratesof ernissions,
and environmental l:_wameterswith regional-scale character-
izations of ecosystem parameters will be required to fully
understandthemagnitudeand variabilityofCH4 emissions
on regionaltoglobalscales.The integrationofina/tuand
samllite-bascd observations demands further attention
towards that goal.
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